Abstract Many of the arthropod-borne viruses (arboviruses) show extensive genetic variability and are widely distributed over large geographic areas. Understanding how virus genetic structure varies in space may yield insight into how these pathogens are adapted to and dispersed by different hosts or vectors, the relative importance of mutation, drift, or selection in generating genetic variability, and where and when epidemics or epizootics are most likely to occur. However, because most arboviruses tend to be sampled opportunistically and often cannot be isolated in large numbers at a given locale, surprisingly little is known about their spatial genetic structure on the local scale at which host/vector/virus interactions typically occur. Here, we examine fine-scale spatial structure of two sympatric lineages of Buggy Creek virus (BCRV, Togaviridae), an alphavirus transmitted by the ectoparasitic swallow bug (Oeciacus vicarius) to colonially nesting cliff swallows (Petrochelidon pyrrhonota) and invasive house sparrows (Passer domesticus) in North America. Data from 377 BCRV isolates at cliff swallow colony sites in western Nebraska showed that both virus lineages were geographically structured. Most haplotypes were detected at a single colony or were shared among nearby colonies, and pair-wise 
Introduction
The arthropod-borne RNA viruses (arboviruses) include many that directly affect either human or animal health, and most of them tend to be distributed over wide geographic areas (Calisher 1994; Gubler 2002) . Knowing the genetic structure of virus populations allows us to better understand the extent and mechanisms of immigration between subpopulations, colonization history, co-evolution with specific vectors or hosts, and selection in response to environmental variation, as well as predicting where virus may respond to environmental change in ways that promote disease outbreaks (Moya et al. 2004; Bertolotti et al. 2008; Holmes 2009 ). For example, genetic similarity of some arboviruses from widely separated locations has suggested that mobile hosts such as birds could be responsible for disseminating these viruses on a continental scale and thus maintaining genetic homogeneity over wide areas (Weaver et al. 1994; Cilnis et al. 1996; Norder et al. 1996; Kramer et al. 2008; van den Hurk et al. 2009 ). In other cases, strong spatial structure over small areas has indicated that most arbovirus transmission is highly localized (Bertolotti et al. 2008) and may lead to the establishment of locally restricted genotypes (Kramer et al. 1997; Chandler et al. 2001; Reisen et al. 2002) .
Most of what we know about the phylogeography of arboviruses comes from studies of virus isolates taken from across entire continents or from different continents. This in part reflects the difficulty in getting samples: endemic arboviruses usually exist in cryptic, enzootic cycles in (mostly) mosquito vectors and wild bird or mammal hosts, and periodically some of them seem to disappear (Forrester et al. 2008; Reisen et al. 2008) . Field surveys tend to require massive effort to yield even a relatively few isolates of the better studied arboviruses (Stamm and Newman 1963; Lord and Calisher 1970; Reeves 1990; Crans et al. 1994; Howard et al. 2004; Dusek et al. 2009 ), and consequently most of the spatially based genetic analyses of arboviruses (with few exceptions; Bertolotti et al. 2008) typically have had to rely on opportunistically collected virus isolates from widely separated locations and sometimes over a considerable span of years (Weaver et al. 1994 (Weaver et al. , 1997 Cilnis et al. 1996; Sammels et al. 1999; Kramer and Fallah 1999; Davis et al. 2005) . We know almost nothing about how arbovirus genetic structure varies at the fine (highly localized) scale where most interactions between virus, hosts, and vectors typically occur (Bertolotti et al. 2008) and where the effects of selection, drift, mutation, or migration may lead to disease emergence (Holmes 2009 ).
Here, we use a large genetic dataset on an arbovirus that can be sampled systematically over small geographic regions to (1) explore how genetic structure varies in space, and from that (2) infer mechanisms generating genetic variability and (3) predict spatial foci for evolutionary change in this virus. Buggy Creek virus (BCRV; Togaviridae, Alphavirus) is a single-stranded, positive sense RNA virus that is part of the western equine encephalomyelitis virus antigenic complex (Hopla et al. 1993) and in North America occurs in two distinct lineages that differ by [6% at the nucleotide level (Pfeffer et al. 2006; Padhi et al. 2008) . The primary vector for BCRV and related viruses (Calisher et al. 1980; Scott et al. 1984; Brault et al. 2009 ) is the swallow bug (Hemiptera: Cimicidae: Oeciacus vicarius), an ectoparasite of the colonially nesting cliff swallow (Petrochelidon pyrrhonota). Vertebrate amplifying hosts for BCRV include cliff swallows and introduced house sparrows (Passer domesticus) that occupy nests in swallow colonies (Scott et al. 1984; Hopla et al. 1993; O'Brien et al. 2010a) . Because the wingless swallow bugs are sedentary throughout the year and confined to cliff swallow colony sites, the spatial foci for BCRV occurrence are discrete and predictable (Brown et al. 2001 . BCRV can be isolated relatively frequently from swallow bug vectors at all times of the year (Brown et al. 2009a (Brown et al. , b, 2010b .
In this study, we used 377 isolates of BCRV collected in 1998-2006 from swallow bug vectors in summer at cliff swallow colony sites in southwestern Nebraska (Brown et al. , 2009b to investigate whether genetic similarity of virus varies with distance between sampling sites, whether genetic divergence of virus at certain sites is related to presence of one or both potential host species, and whether the two ecologically different lineages (designated A and B; [Brown et al. 2009b ]) differ in spatial structure, genetic diversity, and potential rates of gene flow. No spatial genetic analyses have been done previously for BCRV, and we use the results to gain insight into patterns of fine-scale virus spatial structure and factors that generate spatial variation. Similar studies exist for only a few arboviruses and for no other alphaviruses.
As in earlier analyses (Brown et al. , 2009b , we examine variation in the 1,269 bp of the E2 glycoprotein-coding region, which in alphaviruses codes for glycoproteins that are responsible for cell receptor binding (Navaratnarajah and Kuhn 2007) , and is the region of the genome most sensitive to selection brought about by the immune systems of different hosts (Strauss and Strauss 1994; Powers et al. 2001; Pfeffer et al. 2006) . The E2 gene has been used in studies of other alphaviruses to infer phylogeographic patterns over wide geographic areas (Oberste et al. 1998; Kramer and Fallah 1999; Kondig et al. 2007 ).
Materials and methods

Study organisms
Swallow bugs are nest-based parasites primarily of cliff swallows that overwinter in the swallows' nests or in the cracks and crevices of the nesting substrate near the nests. They are hematophagous, feeding on the birds mostly at night, and they travel on the adult birds only briefly (Brown and Brown 1996 , 2004 . Swallow bugs are long-lived and begin to reproduce as soon as they feed in the spring, and they can survive at a site for up to 3 years in the absence of hosts (Smith and Eads 1978; Loye and Carroll 1991; Rannala 1995) . The bugs also parasitize house sparrows that nest in some cliff swallow colonies (Hopla et al. 1993; O'Brien et al. 2010a) . BCRV overwinters in bugs at temperate latitudes as far north as southern North Dakota (Brown et al. 2009a .
Cliff swallows are highly colonial passerines that breed throughout most of western North America (Brown and Brown 1995) . They build gourd-shaped mud nests and attach them to the vertical faces of cliff walls, rock outcrops, or artificial sites such as the eaves of buildings or bridges. Cliff swallows are migratory, wintering in southern South America, and have a relatively short breeding season in North America from April to July. Although swallows are important as hosts for swallow bugs and move BCRV-infected bugs from site to site , cliff swallows do not amplify the virus well when infected, and may not be important in BCRV transmission cycles .
House sparrows were introduced into North America from Europe in the late 1800's and are found in all parts of the United States (Robbins 1973; Lowther and Cink 1992) . House sparrows usurp active cliff swallow nests and will occupy them until the nests fall from the substrate. Numbers of sparrows vary among colony sites, with some colonies having none and others having only sparrows. House sparrows are non-migratory and resident around the swallow colonies throughout the year. Nestling house sparrows are relatively frequently infected by BCRV and amplify the virus to high titers (O'Brien et al. 2010a, b) .
Study site
Our study site was in southwestern Nebraska, centered at the Cedar Point Biological Station (41°13 0 N, 101°39 0 W) near Ogallala, in Keith County, along the North and South Platte Rivers and including portions of Garden, Lincoln, and Morrill counties (Fig. 1a) . Cliff swallows have been studied there since 1982 (Brown and Brown 1996) . Approximately 170 cliff swallow colony sites are in the 200 9 60 km study area; about a third of these are not occupied by swallows in any given year. Presence of house sparrows was noted at each cliff swallow colony site each year, and for some sites the maximum number of active sparrow nests was recorded by inspecting nest contents with a flashlight and dental mirror.
Field collections, virus isolation, and sequencing
Collections of swallow bugs for virus isolation were done each year from 1998 to 2006 in May, June, and July. At sites with active cliff swallow nests, swallow bugs were collected from the outsides of the nests by brushing bugs off nests into a wide-mouthed collecting jar. At inactive colony sites, we removed nests to expose bugs on the substrate behind the nests and harvested additional bugs by sorting through the mud nest fragments. We sampled bugs from throughout a colony site (in parts where nests were accessible). Bugs were sorted into pools of 100 individuals while alive and frozen immediately at -70°C.
Virus was isolated from bug pools following the methods given previously . RNA from each isolate (n = 377) was used in an alphavirus reverse transcriptionpolymerase chain reaction (RT-PCR) to amplify the entire 1,269 bp of the E2 gene . Sequences were aligned against the corresponding region in a 1981 BCRV reference sequence (strain 81V1822, GenBank no. AF339474) and fragments combined for a given isolate using SEQMAN 6.1 (DNAStar, Lasergene) to obtain a contiguous nucleotide sequence for each sample. Additional details on field sampling, virus isolation, and sequencing are given in Moore et al. (2007), Brown et al. (2008) , and Padhi et al. (2008) . The GenBank accession numbers of the sequences used in this paper are EU483667-EU484043.
Analyses
Using the previously published sequences as reference (Pfeffer et al. 2006; Padhi et al. 2008) , the lineage of each BCRV isolate was determined from a maximum likelihood phylogeny constructed using PAUP* 4.0b10 (Swofford 2002) . The number of unique sequences of a lineage was determined with COLLAPSE version 1.2 (Posada 2004) . Each unique sequence that differed from all others by at least one nucleotide change was designated as a haplotype. The appropriate model of nucleotide substitution for the combined data set and for each lineage data set was selected using the hierarchical likelihood ratio test as implemented in MODELTEST version 3.7 (Posada and Crandall 1998) . Only colony sites (n = 20) for which we had at least five isolates identified to haplotype were used in the analyses here. ARLEQUIN version 3.1 (Schneider et al. 2000) was used to reconstruct the minimum spanning network; to perform Mantel tests to determine the significance of the relationship between Slatkin's linearized F st (F st /(1-F st ) estimates and the natural log of the geographic distance among each pair of colony sites (with significance testing based on 10,000 simulations); and to estimate the number of effective migrants (N m ) for colony pairs. Population pair-wise F st estimates were derived in ARLEQUIN using Kimura 2-Parameter (K2P) distances with a gamma correction of 0.0618 for lineage A and 0.172 for lineage B. We also used ARLEQUIN to estimate the overall nucleotide diversity (p ± SE) and the mean number of pair-wise nucleotide differences (d ± SE) among the isolates within each lineage. To determine whether any codons of the E2 gene in either lineage were under positive selection, we performed selection analyses using the Single Likelihood Ancestor Counting (SLAC) and Fix Effect Likelihoods (FEL) methods using DATAMONKEY (Kosakovsky Pond and Frost 2005) .
Results
The Tamura-Nei model with equal frequency (TrNef) and a gamma distribution shape parameter (G = 0.2026) was the best-fit nucleotide substitution model for the combined BCRV data set. The rate matrix for these data was A-C, 1.0000; A-G, 5.0826; A-T, 1.0000; C-G, 1.0000; C-T, 7.9673; and G-T, 1.0000. The K80 (the Kimura-two-parameter) model with gamma distribution shape parameters of 0.0618 for lineage A and 0.172 for lineage B was the best-fit nucleotide substitution model for each BCRV lineage. The transition to transversion ratio (Ti/Tv) was 2.2974 and 3.4396 for lineage A and B, respectively. The nucleotide diversity (p ± 1 SE) of the E2 gene and the mean number of pair-wise nucleotide differences (d ± 1 SE) among the BCRV isolates belonging to lineage A (p = 0.0074 ± 0.0038; d = 9.42 ± 4.34) were higher than the comparable values estimated for lineage B (p = 0.0033 ± 0.0018; d = 4.16 ± 2.08), although overlapping confidence intervals indicated that these differences were not statistically significant. The overall ratio of the rates of nonsynonymous (d n ) to synonymous ( (Fig. 1) . Most haplotypes were specific to a single colony site: 52 lineage A and 42 lineage B haplotypes were found at only one site (Fig. 1) . Seven lineage A haplotypes and 2 lineage B haplotypes were isolated at two colonies each, with the remaining 10 found at 3 or more colony sites. The most widely distributed haplotype (from lineage B) was found at 6 different colony sites (B32; Fig. 1c ), with these sites spanning an east-west distance of 180 km (colony AP to colony CH), which was essentially the entire study area (Fig. 1a) .
Both lineages showed geographically structured populations (Fig. 1) . Within lineage A, colonies BC, CH, and 91 had no haplotypes that were shared with other colonies. Two of these sites (BC, CH) were only 8.9 km apart and about 95 km from the cluster of sites where the next closest haplotype was found (Fig. 1) . The third site, 91, that shared no haplotypes with other colonies was 17.5 km from the colonies containing the next closest haplotype. Virus from sites BC and CH differed by 26 and 8 mutational steps, respectively, from the next most similar haplotype, while that at site 91 differed by 3 mutational steps (Fig. 1b) . In contrast, other lineage A haplotypes were shared between several sites: haplotype A21 was found mostly at site 03 in the center of the study area, but also occurred at site 82, 76 km to the east, and at site 30, 48 km to the west (Fig. 1) . Haplotype A4 was found at 5 sites all within 11.5 km of each other (Fig. 1) . Sites 95 and NN had less geographic structure, each containing multiple, divergent virus isolates from across the network (Fig. 1) .
Isolates from lineage B showed less geographic substructure, with only site 69 (at the edge of the study area) not sharing any haplotypes with other sites (Fig. 1c) : virus at this site differed by only one nucleotide from the next most similar. Lineage B isolates exhibited fewer mutational-step differences among haplotypes/colony populations, on average, than did lineage A. Most shared lineage B haplotypes, however, still occurred mostly among nearby sites (Fig. 1c) , with a notable exception being haplotype B38 that was primarily found at site 82 but also appeared at site 30, 122 km to the west (Fig. 1) . Overall, colony sites that were dominated by lineage A isolates had relatively few or no isolates from lineage B (Fig. 1b, c) .
Mantel tests showed a strong association between the genetic distance, as measured by pair-wise linearized F st , and the geographic distance between each pair of colony sites in the study area (Fig. 2) . This relationship held for both lineages, indicating that even though lineage B haplotypes were less differentiated from each other than were those of lineage A, each still exhibited strong spatial structure.
BCRV of both lineages tended to show significant (P \ 0.05) genetic differentiation by colony site; however, lineage A isolates showed a relatively higher degree of genetic differentiation by site and a lower level of gene flow between colony sites (as measured by the number of effective migrants) than did virus of lineage B (Fig. 3) . For lineage A, only one pair of colonies (sites 90-95) showed no significant genetic differentiation among isolates (P [ 0.05), while for lineage B, six pairs of sites (91) (92) (93) (94) (95) showed no significant differentiation. These results are consistent with those of the haplotype network (Fig. 1) . Because earlier work showed little temporal structure in BCRV isolates ), we have not considered year of isolation in these analyses.
Presence of house sparrows was related to the extent of BCRV divergence at a cliff swallow colony site. For 16 sites we knew the maximum number of active house sparrow nests per season. At 10 sites where C50% of isolates belonged to lineage A, the mean (±SE) number of sparrow nests was 4.9 (±2.4), compared to 0.0 (±0.0) at 6 sites where \50% of isolates belonged to lineage A; this difference was significant (Wilcoxon test, Z = -2.19, P = 0.029). The three colony sites with the most genetically diverse virus of lineage A (sites BC, CH, and 91; Fig. 1 ) contained 10, 20, and 16 sparrow nests, respectively, compared to 0 or 1 sparrow nests at all other sites. Sites BC and 91 contained only house sparrows in most years of the study, with cliff swallows occupying these colony sites infrequently. Two of these sparrow sites (BC, CH) exhibited a pair-wise (non-linearized) F st of 0.961, the highest of any of the colony pairs, despite being only 8.9 km apart. 
Discussion
Our results illustrate strong spatial structuring of BCRV. Many BCRV haplotypes occurred at only one cliff swallow colony site, and the shared haplotypes were most often found at sites in relatively close geographic proximity. This spatial structure applied to both BCRV lineages, although lineage A showed greater haplotype divergence across the study area, a relatively higher degree of genetic differentiation by site, and a lower level of gene flow between colony sites.
Gene flow and isolation by distance BCRV gene flow between neighboring colony sites is likely caused by the movement of transient cliff swallows (especially non-breeders) that circulate among colonies and introduce BCRV to sites ), probably via introduction of infected swallow bugs that travel on the birds' feet . Although no formal analyses of bird movement and distance have been done, some evidence indicates that swallows moving between colony sites within a summer are more likely to visit colonies that are nearby (Brown and Brown 1996) . Sites closer together are thus probably more likely, on average, to have virus haplotypes exchanged among them by bird movement, and such area-restricted virus movement presumably accounts in part for the relationship between genetic and geographical distance reported here. Thus, spatial structure in both BCRV lineages is consistent with classical isolation by distance models (Wright 1943; Slatkin 1993) . Viruses of the two lineages, however, do apparently differ in the extent to which they are dispersed between colony sites. For example, lineage A exhibited greater genetic differentiation by site, and haplotype diversity of lineage A at a site was more affected by the extent of bird movement into the site . In contrast, isolates from lineage B showed less genetic differentiation between neighboring colonies and thus presumably exhibit more gene flow. Earlier work revealed no relationship between rates of host-vector movement into a site and lineage B haplotype diversity ). The results presented here suggest that this might be because overall rates of gene flow of lineage B between sites are higher than for lineage A.
The difference in apparent gene flow between sites for the two lineages is perplexing, given what we understand about the ecology of these virus lineages (Brown et al. 2009b) . Cliff swallows do not effectively amplify BCRV of either lineage , and thus it is unlikely that preferential movement of one lineage by selectively infected viremic birds occurs. If birds move virus primarily by transporting infected bugs, we might expect them to be equally likely to carry bugs with virus of either lineage; however, bugs infected with lineage B seem to be less likely to disperse, being more often found hidden in the recesses of the nests (Brown et al. 2009b ). This should lead to greater genetic isolation of lineage B virus, the opposite of what we found. Possibly, the more restricted gene flow suggested for lineage A reflects simply this lineage's association with sites containing only house sparrows (see below), which do not attract heavy transient swallow traffic from nearby sites and are thus likely to contain more genetically isolated virus.
If genetic differentiation in BCRV among colonies results from local adaptation to environmental conditions, we would expect the signature of positive selection in the E2 gene (Real et al. 2005) . However, we failed to detect evidence of such selection in our Nebraska BCRV populations. This also suggests that geographic isolation (isolation by distance) is the best explanation for the strong spatial genetic differentiation among BCRV Evol Ecol (2011) 25:403-416 411 isolates. Possibly, other parts of the BCRV genome might be undergoing selection in these lineages, although given the importance of the E2 gene in mediating host cell receptor binding in alphaviruses (Strauss and Strauss 1994; Navaratnarajah and Kuhn 2007) , selection if occurring would seem most likely to be detected in the region of the genome we studied.
Effect of house sparrows
Genetic structure of BCRV could not be predicted entirely by the geographic distance between sites. Despite their close geographic proximity, the relatively high genetic differentiation of lineage A virus between two colonies (BC and CH) that contained large numbers of house sparrows indicates that presence of sparrows also can affect BCRV genetic variation. Why this happens is unknown; we do know that sparrows preferentially amplify lineage A (rather than lineage B; Brown et al. 2010a) . At sites where sparrows perennially occur, their providing of continual blood meals for bugs prevents periodic bug (and thus virus) extinction, and the consequence is that sites with sparrows maintain more lineage A throughout the year than do sites without sparrows ). More stable populations of lineage A should presumably lead to greater genetic homogeneity over time. However, with frequent nest failures due to sparrow nestlings succumbing to virus ), turnover of sparrow hosts at these sites may be high, with the same adult house sparrows rarely occupying a colony in successive summers (O'Brien 2009). Perhaps the genetic variability of BCRV at such sites reflects its evolutionary response to the continual replacement of host individuals with varying susceptibility to this virus. Invasive house sparrows are relatively new hosts for BCRV and may have contributed to the initial divergence of the two lineages by their effective amplifying of lineage A (Brown et al. 2009b . The potential for isolates to diverge significantly at sites perennially used by large numbers of house sparrows (even when such sites are close together, as two of ours were) suggests that such sites may represent predictable foci for evolutionary change in BCRV (and places to monitor for potential escape of this virus to novel hosts or vectors). Especially if cliff swallows do not use these sites for several years and thus no transient swallows enter and exit the colonies, little virus haplotype immigration or emigration among the sparrow sites is likely to occur, because adult sparrows apparently do not move bugs between colonies (we have not found any bugs on adult sparrows caught in nets). Because the wingless bugs are sedentary, little virus exchange among sites can happen in the absence of swallow traffic that circulates the hitchhiking bugs, in turn promoting genetic isolation and potential in situ evolution of BCRV at sites with only sparrows. This may account in part for the generally lower level of gene flow (number of effective migrants) for virus of lineage A (Fig. 3) .
Population genetics of other arboviruses BCRV differs from the mosquito-associated arboviruses in two important ways. First, the spatial array of cliff swallow colony sites in western Nebraska, with sites largely along the North and South Platte river valleys (Fig. 1a) and few in prairie habitats away from these rivers, may constrain virus dispersal to a mostly linear east-west axis. Second, the flightless swallow bugs cannot be dispersed between sites unless a swallow carries them; passive dispersal by wind is not possible for bugs, unlike for mosquitoes, which genetic data suggest can be dispersed over wide areas (Venkatesan and Rasgon 2010) . For these reasons, we might expect stronger spatial structuring in BCRV than in arboviruses transmitted by mosquitoes or other vagile arthropods. Although no similar studies on mosquito-borne alphaviruses are available to compare with our results, two North American flaviviruses seem to show genetic structure broadly similar to that of BCRV.
For St. Louis encephalitis virus (SLEV; Flaviviridae, Flavivirus), multiple genotypes were found to circulate within Harris County, Texas, an area about half the size of our study area in Nebraska (Chandler et al. 2001) . Although formal analyses of SLEV spatial structure were not done, it appeared that some genotypes were restricted to local areas and others found more widely throughout the county (Chandler et al. 2001) . SLEV is thought to be vectored only by mosquitoes.
Genetic analyses of West Nile virus (WNV; Flaviviridae, Flavivirus) showed similar spatial patterns. For the state of Connecticut, a region roughly equivalent in size to our Nebraska study area, WNV showed geographic based clustering of haplotypes, although there was also evidence of some haplotypes occasionally occurring at sites up to 86 km apart (Anderson et al. 2001) . Over a much smaller region than our study area, Bertolotti et al. (2008) found evidence for distance-limited WNV transmission in the city of Chicago, Illinois. WNV isolates were increasingly genetically diverse as the distance between sampling sites increased within an area of only 11 9 14 km. This suggests WNV is disseminated on a strongly local scale by short-range movements of Culex mosquitoes and resident bird species (Bertolotti et al. 2008) , and is similar to the local transmission of BCRV among predominately closely spaced colony sites reported here.
In conclusion, while the spatial structure of BCRV is consistent with isolation by distance, possibly brought about by area-restricted movement of cliff swallows, local environmental conditions at certain sites (i.e., presence of sparrows) also contribute to the virus's genetic structure. This study indicates that arboviruses that are strongly associated with vagile birds (and that are even dispersed by birds) nevertheless can be genetically dissimilar over relatively short distances. Given our results for BCRV and those of Bertolotti et al. (2008) for WNV, isolation by distance may be a more common form of genetic structure in the bird-associated viruses than generally thought. Furthermore, in light of the restricted movement capacity of swallow bugs, the ecology and scale of vector movement could in some cases be as important as host movement in determining the genetic structure of arboviruses.
